A Call to Action
Nanomaterials (NMs), classified as molecularly engineered structures with at least one dimension <100 nm, have the potential to change the way humans interact with nature. NMs provide an entrance into a new world of opportunities because their chemical and physical properties are primarily determined by their size, shape (morphology), composition, reactivity, and surface chemistry. Over the last 10-15 years, chemists, materials scientists, and engineers have developed a broad range of new methods for preparing NMs that allow exquisite control of size, morphology, composition, structure, reactivity, and surface chemistry to yield materials with unique electronic, mechanical, magnetic, optical, catalytic, and bonding properties. As a result, where there were once only a few different NM types (buckyballs, quantum dots, etc.), the scientific community and industry are now capable of producing thousands of new materials annually. Currently, over 700 consumer products contain NMs and nanotechnology is anticipated to grow to a $3.6 billion industry, with a total impact on the world's economy of ∼$1.5 trillion, by 2010 (1) .
It is reasonable to expect, given that the chemical and physical properties of these materials vary greatly, that their fate, transport, and biological activity in the environment vary as well (2) . The shear magnitude of new materials productionsand the huge range of chemical and physical properties inherent to those materialssmakes it logistically inconceivable that traditional single-material toxicological assessments will be capable of identifying biological and environmental hazards in a timely manner.
Some of the very properties that make NMs exciting from a technological perspective present unique challenges for exposure monitoring and risk assessment, and make them troubling from an environmental health and safety perspective (2) . For instance, it is difficult to perform individual exposure monitoring for many of these materials: commercially available, ultrafine particle detectors are expensive and impractical for many field studies (3). This is particularly disconcerting given that air-quality studies suggest that the environmental fate and transport of ultrafine materials are a complex function of the local conditions (e.g., humidity, temperature, wind speed) and the source and specific properties of the particles (4, 5) . Likewise, recent studies have demonstrated that NMs undergo a multitude of transformations in the environment and environmental media (2) . As a result, properties such as surface charge, size, and state of agglomeration/aggregation or dissolution depend not only on how the NMs are prepared, but also on their life history and the conditions under which they are studied. This variability not only complicates studies of NMs under environmentally relevant conditions but also provides motivation for developing new assessment technologies. One such technology being developed is high-throughput screening (HTS) which characterizes the physical and chemical properties of NMs, thus allowing for systematic testing of the ways in which environmental conditions impact NM properties and ultimately toxicity. These studies point to the need for strategic investment both nationally and internationally to develop new technologies to facilitate exposure monitoring that could, in turn, be used to limit NM exposure in occupational settings (6) . The same is true for research and technological development to detect the spread and presence of NMs in the environment.
In addition, the very size regime that confers NMs with such interesting and varied properties (7) also poses unique threats to human health (8, 9) . A growing body of evidence from the air-quality literature provides strong evidence that ultrafine particles (those with a diameter <100 nm) are readily retained in the lungs, with the possibility of systemic uptake and the generation of systemic inflammatory and stress responses (10) (11) (12) . Epidemiological studies reveal that individuals who have the greatest exposure to ultrafine fossil fuel combustion particles have a higher risk of respiratory complaints, allergic disease, and cardiovascular morbidity and mortality (13) . Such observations are not limited to NMs that are created as a byproduct of anthropogenic activity: recent toxicological studies reveal that certain types of intentionally engineered NMs can permeate broken skin (14) , induce oxidative stress in a variety of cells and tissues (15) , and in some cases can evoke a chronic inflammatory response similar to that of asbestos fibers (16) . These examples indicate that the same properties that make NMs so desirable for biomedical applicationssnamely, a size range comparable to large biomolecules and protein complexes and an ability to capitalize novel biocatalytic reactionssalso make them inherently dangerous toxicologically (9) . Moreover, this toxicity is likely to be highly variable within specific classes of NMs (e.g., as a range of surface functionalizations that can make the same material biocompatible or biohazardous 15, 17, 18) . Clearly, revolutionary, cost-effective approaches are needed to assess both the human toxicological and ecological impacts of NMs before they are produced, used, and released at increased volumes into the environment.
Toward Predictive Toxicology and Safe Design of Nanomaterials
The University of California Center for Environmental Implications of Nanotechnology (UC CEIN) (19) is founded on the organizing principle that to reduce the level of uncertainty surrounding the environmental safety of NMs, we must gather sufficient quantities of high-quality data, develop a paradigm for integrating that information, and use the data and tools to develop predictive models of NM toxicity and ecotoxicology ( Figure 1 ). Research in the UC CEIN is broken into seven Interdisciplinary Research Groups (IRGs): IRG1: NM standard reference and combinatorial libraries and physicochemical characterization IRG2: Studying NM interactions at the molecular, cellular, organ, and systemic levels IRG3: Organismal, population, and community ecotoxicology IRG4: Nanoparticle fate and transport IRG5: High-throughput screening, data mining, and quantitative-structure activity relationships (QSARs) for NM properties and nanotoxicity IRG6: Modeling of environmental multimedia NM distribution and toxicity IRG7: Risk perception of potential environmental impacts of nanotechnology Researchers within each IRG come from a broad variety of disciplines, ranging from chemistry and materials science to ecology, environmental biology, toxicology, environmental health, and medicine. Their mission is to help ensure that nanotechnology is introduced and implemented in a safe, responsible, and environmentally compatible manner.
Standard Reference Materials and Characterization Protocols (IRG1). The dependence of NMs' properties and hence (eco)toxicology dependence on size, morphology, composition, surface coatings, and environmental conditions have stimulated several major initiatives both within the U.S. and internationally to develop standard reference materials and protocols. Within the U.S., the National Institute of Standards and Technology (NIST, (20) ) has played a major role in validating standard reference materials and standard protocols for characterizing the physicochemical properties of these materials. In addition, the International Alliance for NanoEHS Harmonization (21), established in 2007, is committed to the development and distribution of standard reference materials, methods, and procedures for studying the environmental health and safety of NMs. Several UC CEIN research groups are contributing to this initiative.
To ensure that studies across the varied partners within the UC CEIN are reproducible and can be correlated to other studies, a core effort within the UC CEIN is to characterize and distribute standard reference NMs to partners within the Center and provide detailed information to external groups regarding how these materials can be either produced or purchased. Our initial studies are focused on classes of engineered NMs that are either currently used in commercial products or that we anticipate will be used extensively in the future, and for which the existing toxicological literature suggests some concern. In the first year of the center, we are focusing on metal oxides (ZnO, TiO 2 , and CeO 2 ), which have been previously shown to elicit a variety of biological responses (15) and are used extensively in personal care products such as cosmetics and sunscreens (22) . IRG1 is responsible for characterizing the physicochemical properties of these materials in the environmental media to be used in the experiments conducted by the other IRGs. In addition, significant emphasis (in Year 1) is being placed on both round-robin testing of characterization protocols and the development of robust characterization methods that are amenable to HTS to determine critical characteristics such as the aggregation state of NMs in complex environmental media.
A process is being developed for introducing new reference materials to the standard reference material (SRM) library. Single-walled carbon nanotube (CNT) as well as silver (Ag) and other metal NM libraries are already being developed. In addition, we are also using design modifications of a single material to construct combinatorial libraries that systematically investigate variations in size, shape, composition, and surface functionality in our biological assays. This includes collaboration with the Molecular Foundry at the Lawrence Berkeley National Laboratory (23) , which is developing highthroughput syntheses of SRMs such as metal oxides. Standard procedures for preparing, characterizing, delivering, and testing all of these materials are shared across the UC CEIN and will be made available to the general scientific community upon full validation.
Impacts of Nanomaterials on Organisms, Populations, and Ecosystems (IRG2 and IRG3).
To elucidate how NMs interact with ecosystems and to probe issues such as how they affect ecological energy utilization and possibly bioaccumulate, we are studying interactions between our SRMs and various organisms contained within mesocosms that model terrestrial, freshwater, and marine ecosystems. Dynamic energy budget models (24, 25) will help to integrate the mesocosm data with information gathered at lower organizational levels (viz. cells, organisms) and over relevant time scales. The design and interpretation of these studies are dependent upon exposure data that will derive from fate and transport studies (IRG4) of the same NMs under environmentally relevant conditions. Corresponding toxicology studies will also be performed on isolated organisms that are used in the mesocosms. Toxicology studies using cell lines are being performed both to optimize protocols that will be used in the more complex systems and to probe the mechanisms by which NMs interact with and elicit various responses in biological systems.
Nanoparticle Fate and Transport (IRG4). External environmental factors such as aqueous solution ionic content and strength, pH, temperature, oxygenation, salinity, and optical exposure are among many variables expected to alter NMs' physicochemical properties that contribute to agglomeration/aggregation, dissolution, reactivity, and ultimately, toxicity. For example, extremes in pH can result in loss of surface "capping" groups and thereby alter toxicity profiles (26) . Environmental factors most relevant to the selected model ecosystems will be systematically varied in laboratory studies to determine how external factor(s') variation affects NM properties (with IRG1) and toxicity (IRG2 and IRG3). Feedback(s) between biological activity and NM properties, again with changes to toxicological profiles, will be probed collaboratively across IRGs 1-4.
High-Throughput Screening (IRG5). A central tenet of the UC CEIN's approach is that HTS should be used to guide hazard rankings of NMs and to drive decisions about prioritizing the more costly in vivo studies that utilize more traditional methods. This approach was recently validated by the National Research Council of the National Academy of Sciences, which issued a report endorsing high-content screening based on robust scientific concepts such as injury mechanisms and pathways of toxicity (27) . A group of researchers within the UC CEIN is adapting both cell-based and molecular assayssdeveloped previously in the laboratories of Center members and currently being expanded in IRG2sfor use in high-throughput screening experiments. The experimental systems cover a broad range of species (including bacterial, plant, yeast, and animal cells) and an even broader range of outputs including, but not limited to, growth assays, assays for oxidative stress, and phenotypic screens of gene deletion strains. These HTS studies will allow us to survey broader categories of NMs to obtain the broad survey data that are essential for developing a systematic understanding of which properties are of central assessment concern.
Predictive Model for Toxicology and Ecotoxicology of NMs (IRG6). The goal of gathering comprehensive data on NM properties, how these materials behave under environmentally relevant conditions, and how they interact with biological systems and ecosystems is to generate a computational self-learning system that will allow us to predict whether new materials are likely to pose significant hazards to the environment (24) . We are thus developing a computerized expert system that will allow us to correlate the physicochemical properties of NMs with outputs such as increased transport in the environment or increased likelihood of producing a particular biological response. This system is based on a tiered approach to multimedia modeling developed at UCLA that has provided a basis for detailed multimedia environmental transport and fate analysis that has been utilized by the U.S. EPA in the development of its multimedia development program (28, 29) . & Outreach) . The data and computational models described above will be used to develop an expert system for the analysis of multimedia transport and fate of NMs. We are at a critical crossroads in the development of NMs: information generated from the (eco)toxicology studies can be used to drive both the development of safer NMs and the realization of more effective substances for biological and environmental ap-plications. Insights into the factors that drive fate and transport of NMs in the environment and their interactions with biological systems are critical to both arenas. An important part of the UC CEIN program will be to analyze societal risk perception for the introduction of nanotechnology (30) . IRG 7 also examines industry safe handling practices and views of the regulatory environment, organizational capacities for safe handling, and model scenarios for risk assessment (31) . Within the UC CEIN we are also committed to using this information to inform the development of training modules for researchers and workers on the safe handling and disposal of NMs, and to partner with a broad range of stakeholders to ensure that this training is implemented. Finally, we are committed to working with legislators and policy makers to ensure that future legislation is based on sound scientific principles and the most accurate information available.
Guidelines and Decision Tools for Safe Design and Use of NMs (IRG7 and Education

Concluding Remarks
Nanotechnology is an important advance for society but, like many innovations, presents a unique and very complex set of health and environmental risks that challenge scientists to most effectively inform policy makers. Such challenges further provide an opportunity for scientists to develop innovative approaches for future problem-solving in myriad disciplines, as well as avoid the same mistakes made in the past (e.g., asbestos). By employing a multidisciplinary and collaborative approach to studying the environmental implications of nanotechnology, the UC CEIN strives to provide and build a strong scientific foundation for safe implementation of nanotechnology, and to provide the knowledge needed to drive the development of new (nano)materials for innovative biological and environmental applications. 
